Introduction
Characean cells contributed extensively to elucidation of the function of the plant membrane, such as the electrogenic proton pump and excitation (Shimmen et al. 1994, Tazawa and . Kitasato (1968) suggested the involvement of a proton pump in electrogenesis of the plasma membrane, based on experiments using characean cells. Slayman et al. (1973) found that the plasma membrane is depolarized by inhibition of the energy metabolism in the hyphae of Neurospora crassa. Based on the parallelism between the decrease in the intracellular ATP concentration and the extent of the membrane depolarization, direct involvement of ATP in electrogenesis at the plasma membrane was suggested. However, a side effect of the respiration inhibitors on the plasma membrane could not be excluded. This dilemma was clarified by an experiment carried out using characean cells. By employing an intracellular perfusion method, direct involvement of ATP in electrogenesis was unequivocally demonstrated, since the intracellular ATP concentration could be modified by the intracellular perfusion method, without using inhibitors of energy metabolism (Shimmen and Tazawa 1977) .
Characean cells could also be a suitable material for studies on the electrical response of plants to stresses. The first response of plant cells to a mechanical stimulus is generation of a receptor potential. Generation of receptor potentials by mechanical stimuli had been reported in carnivorous plants (Benolken and Jacobson 1970, Sibaoka 1991) . However, methodological difficulty hampered the analysis of the mechanism for generation of the receptor potential. By taking advantage of characean cells, important discoveries were made regarding mechanically induced receptor potentials, such as a decrease in the membrane resistance, activation of the Cl À channel and possible activation of the Ca 2+ channel (Shimmen 1996 , Shimmen 1997a , Shimmen 1997b , Shimmen 1997c , Shepherd et al. 2001 , Shimmen 2001c , Iwabuchi et al. 2005 .
One of the most severe stresses for plants is wounding. Generation of electrical responses upon wounding has been reported in various plants (Mertz and Higinbotham 1976 , Frachisse et al. 1985 , Robin and Bonnemain 1985 , Robin 1985 , Julien et al. 1991 , Julien and Frachisse 1992 , Fromm and Eschrich 1993 , Stahlberg and Cosgrove 1994 , Rhodes et al. 1996 , Meyer and Weisenseel 1997 . Involvement of the electrical signal in the systemic synthesis of proteinase inhibitor upon wounding in tomato attracted a great deal of attention from botanists (Wildon et al. 1992, Stankovic and Davies 1996) . It is suggested that cells neighboring the wounded cells or tissues first perceive the information, resulting in generation of the electrical signal. In higher plants, it is difficult to monitor the electrical signals of a target cell separately from those of surrounding cells. A model system for analysis of the electrical response to wounding was developed using Chara corallina. A specimen composed of two tandem internodal cells was prepared. When one cell (victim cell) was killed by cutting, another cell (receptor cell) generated a large and long-lasting depolarization at its nodal end without a delay (Shimmen 2001a , Shimmen 2002 . It was suggested that K + released from the victim cell is responsible for generation of the depolarization in the receptor cell (Shimmen 2005 , Shimmen 2006 ). By pulse treatment of the node with an artificial cell sap, a large depolarization similar to the wound-induced depolarization was induced (Shimmen 2006) . However, this was rather an astonishing finding for me. I had reported that the membrane of the flank remains at the polarized level for 41 h even in the presence of 100 mM K + , if 1 mM Ca 2+ was added (Shimmen 2001b) . Although the artificial cell sap contained 10 mM CaCl 2 and 80 mM KCl, depolarization was induced at the node (Shimmen 2006) . This discrepancy seemed to be caused by the difference of the cell parts subjected to analyses: flank and node.
When the victim cell was killed, intracellular K + should be released to the cell exterior, resulting in an increase in the K + concentration around the nodal end of the receptor cell. In addition, the turgor pressure of the victim cell is suddenly lost. Thus, the nodal end of the receptor cell is stimulated by an increase in the K + concentration and change in the pressure. It is necessary to elucidate the electrical characteristics of the node, which is the site responsible for the electrical perception of wounding. In the present study, I analyzed the electrical characteristics of nodes with special attention to K + and osmotic shock sensitivities.
Results

pH denpendency of E m
As described in the Introduction, the membrane potential (E m ) of Chara cells is composed of a passive diffusion potential and a component generated by the electrogenic proton pump (Shimmen and Tazawa 1977) . The component generated by the electrogenic proton pump is sensitive to the extracellular pH (Kawamura et al. 1980) . To evaluate the contribution of the proton pump to electrogenesis, the pH dependence of E m was analyzed for both the node and the flank.
A chamber for E m measurement of both the node and flank is shown in Fig. 1a . An internodal cell was mounted on a chamber having three pools: A, B and C. The internodal cell was sealed into the groove of the partition (P) between pools with white vaseline. E m was measured by the K + anesthesia method (Shimmen et al. 1976) . Pool A was filled with 100 mM KCl buffered with 5 mM HEPESNaOH (pH 7.0). Pools B and C were filled with artificial pond water (APW: 0.1 mM KCl, 0.1 mM NaCl, 0.1 mM CaCl 2 ) supplemented with 5 mM HEPES-NaOH (pH 7.0) and 180 mM sorbitol. The flank region of the cell in pool C was made as short as possible, i.e. the node (n) was attached to the partition. The potential difference between pools A and B represents the E m of the flank in pool B. The potential difference between pools A and C represents the E m of the node in pool C. In the K + anesthesia method, APW supplemented with both pH buffer and sorbitol was simply called APW. To decrease the pH of the external medium, 5 mM MES-NaOH was used instead of HEPESNaOH.
The external medium was exchanged every 3 min in order to modify the external pH. Results are summarized in Fig. 1b . The pH dependence of the node E m was almost the same as that of the flank E m , indicating that the contribution of the proton pump to electrogenesis is almost the same for both the flank and the node. It should also be noted that the node E m was almost the same as the flank E m (Fig. 1b) .
Experiments were carried out by the K + anesthesia method (Fig. 1a) . First, experiments were carried out in APW containing 0.1 mM CaCl 2 . The KCl concentration of the external medium of the node and the flank was increased stepwise (0.1, 1, 3, 10 and 100 mM) every 3 min. When the KCl concentration of APW was increased, An internodal cell was mounted on a chamber having three pools, A, B and C. The E m was measured by the K + anesthesia method (Shimmen et al. 1976) . Pool A was filled with 100 mM KCl. Pools B and C were filled with APW supplemented with 180 mM sorbitol. The flank region of the cell in pool C was made as short as possible, i.e. the node (n) was attached to the partition. the osmolarity was adjusted by decreasing the sorbitol concentration. The results are summarized in Fig. 2a . In the case of the flank, E m gradually depolarized with an increase in the KCl concentration. In the node, the situation was also the same up to 10 mM. Upon an increase in the KCl concentration to 100 mM, however, a large depolarization was induced and E m stayed at the depolarized level. Such responses of the node and the flank were the same as those reported previously (Shimmen 2003) .
Experiments were carried out using APW supplemented with either 1 or 10 mM CaCl 2 , expecting that an increase in the Ca 2+ concentration suppresses the depolarization induced by 100 mM KCl, since it has been reported that the flank E m stayed at the polarized level for 41 h in the medium containing 100 mM KCl and 1 mM CaCl 2 (Shimmen 2001b) . However, an increase in the CaCl 2 concentration to 1 mM did not stop the depolarization of the node in the presence of 100 mM KCl (data not shown). The situation did not change when the CaCl 2 concentration was increased to 10 mM. A large depolarization was induced even in the presence of 10 mM CaCl 2 upon addition of 100 mM KCl (Fig. 2b ).
In the above experiments, the KCl concentration was increased stepwise. It was questioned whether the pretreatment with KCl of lower concentrations was responsible for the immediate depolarization of the node upon addition of 100 mM KCl. Therefore, the KCl concentration in pool C (Fig. 1a) was increased from 0.1 to 100 mM in one step. A typical example is shown in Fig. 3 . At first, the external medium was APW supplemented with 180 mM sorbitol. At the time shown with an upward pointing arrow, the external medium was exchanged with APW supplemented with 100 mM KCl but lacking sorbitol. Just after application of 100 mM KCl, a small depolarization was induced and E m stayed at that level for a few seconds and then a large depolarization was induced spontaneously. The same experiments were carried out in 37 cells. The interval between the start of the initial small depolarization and that of the large depolarization was highly variable among cells, i.e. 0-160 s. The same experiments were carried out in the presence of 10 mM CaCl 2 , expecting that the increase in the Ca 2+ concentration would delay the start of the large depolarization. However, the interval rather decreased, to 0-4 s (n ¼ 17). Thus, the depolarization was induced by 100 mM KCl in all cells irrespective of the CaCl 2 concentration (0.1-10 mM), although a delay before the 
K + dependence of E m of a node sandwiched between internodal cells
The above experiments were carried out using isolated internodal cells. It was questioned whether the high sensitivity of the node to KCl was caused by removal of the neighboring internodal cell, i.e. direct exposure of the nodal end to the external medium.
Specimens composed of two tandem internodal cells were prepared in order to analyze the membrane of the node sandwiched between two internodal cells. A specimen was mounted on a chamber having three pools as shown in Fig. 4a . The node in pool B was attached to the partition between pools A and B. Pool A was filled with 100 mM KCl supplemented with 5 mM HEPES-Tris (pH 7). Pools B and C were filled with APW supplemented with 5 mM HEPESTris (pH 7) and 180 mM sorbitol. The potential difference between pools A and B was measured. As shown in Fig. 4b , the response of the node sandwiched between internodes to KCl was the same as that of the nodes of isolated internodes (Fig. 2a) . Thus, the K + response of the nodal end exposed to the external medium is a native response.
Analysis of ion sensitivity of nodes at depolarized state
Experiments were carried out by the K + anesthesia method (Fig. 1a) . The external medium was first APW supplemented with 180 mM sorbitol (Fig. 5) . Upon replacement of the external medium in pool C with APW supplemented with 100 mM KCl, but lacking sorbitol, a large depolarization was induced. In this specimen, the large depolarization was induced without an appreciable delay. When the KCl concentration was decreased stepwise, E m changed to the negative direction stepwise. The osmolarity was adjusted by modifying the sorbitol concentration. The same experiments were repeated in five specimens and the statistical data are summarized in Fig. 6 (filled circles). The relationship between E m and the KCl concentration was linear. When experiments were carried out using K 2 SO 4 , fundamentally the same results were obtained (n ¼ 5, data not shown).
The effect of other ions on the membrane potential in the depolarized state was also examined using the chamber shown in Fig. 1a . After the node membrane was depolarized with 100 mM KCl, the CaSO 4 concentration was increased stepwise in the presence of 100 mM KCl (Fig. 6 , filled square). E m was almost insensitive to the increase in the Ca 2+ concentration. Next, the effect of Cl À was examined. After depolarization with 100 mM KCl, the Cl Response of the node membrane potential to KCl under a depolarized state. The experiment was carried out using the chamber shown in Fig. 1a . The external medium in pool C was first APW supplemented with 180 mM sorbitol. Upon replacement of the external medium with APW supplemented with 100 mM KCl but lacking sorbitol (100), a large depolarization was induced without an appreciable delay. The KCl concentration was decreased stepwise every 3 min (10, 1 and 0.1 mM). The osmolarity was adjusted by modifying the sorbitol concentration.
concentration was decreased by replacing KCl with K 2 SO 4 , keeping the K + concentration at 100 mM. The osmolarity was adjusted by modifying the sorbitol concentration. E m was also insensitive to the change in the Cl À concentration.
Cooperative effects of K + and osmotic shock I have reported that the node is equipped with a function to transduce the pressure signal into the electrical signal. When sorbitol was added to the external medium (osmotic shock), a transient depolarization was induced (Shimmen 2003) . In the experiment shown in Fig. 7 , the cooperative effect of K + and osmotic shock was examined. In order to keep the high turgor pressure before stimulation, the K + anesthesia method, in which the turgor pressure is significantly decreased, cannot be used. Therefore, all pools were filled with APW lacking sorbitol. Analysis was carried out using a chamber composed of two pools (Fig. 7a ). An internodal cell was mounted so that the node in pool B was attached to the partition (P). Both pools were filled with APW supplemented with 5 mM HEPES-Tris (pH 7). Thus, APW does not contain sorbitol before the osmotic stimulation. Upon addition of 200 mM sortibol to either pool A or B, or to both pools, a transient depolarization is induced at the node (Shimmen 2003) . In the present study, the depolarization was induced by adding sorbitol to pool B.
When 10 mM KCl was added to the external medium of the node (pool B), the E m slightly changed to the positive direction and stayed at that level (Fig. 7b) . In the presence of 10 mM KCl, the E m remained at the polarized level for a long period (data not shown). When both 10 mM KCl and 200 mM sorbitol were added to the external medium of the node, a large depolarization was induced and E m stayed at the depolarized level. When sorbitol was removed, the node E m stayed at the depolarized level. Upon removal of both sorbitol and KCl, the membrane started to repolarize. The same experiments were repeated in five specimens and fundamentally the same results were obtained. When both 10 mM KCl and 200 mM sorbitol were concomitantly added without pre-treatment with 10 mM KCl, a large depolarization was also induced (n ¼ 5, data not shown). In this experiment, the cell part in pool A was not anesthetized. Therefore, it was suspected that stimulation of the nodal end in pool B also induced a response of the cell part in pool A. However, it is reasonable to speculate that the response was generated at the nodal end in pool B, based on the direction of the electrical potential change, i.e. change to the positive direction upon addition of KCl and sorbitol, and to the negative direction upon removal of KCl. Dependence of the node membrane potential in the depolarized state on various ions. The experiment was carried out using the chamber shown in Fig. 1a . Filled circle, statistical results of Fig. 7 , representing the response to KCl. Open circles, response of the node E m to Cl À . After a large depolarization was induced by 100 mM KCl, the Cl À concentration was decreased stepwise every 3 min by replacing KCl with K 2 SO 4 , keeping the K + concentration at 100 mM. Filled square, response of the node E m to Ca
2+
. After a large depolarization was induced by 100 mM KCl, the Ca 2+ concentration was increased stepwise every 3 min by adding CaSO 4 , keeping the K + concentration at 100 mM. The osmolarity of the medium was kept constant by changing the sorbitol concentration. The SE was smaller than the symbols (n ¼ 5). The chamber for analysis of depolarization of the node induced by the cooperative effect of K + and osmotic shock. An internodal cell was mounted so that the node (n) in pool B was attached to the partition. Both pools A and B were filled with APW lacking sorbitol. P, partition between pools. (b) A typical example of measurements. The external medium of the node was first APW. When 10 mM KCl was added to pool B, a small depolarization was induced. When both 10 mM KCl and 200 mM sorbitol were added to pool B, a large depolarization was induced. Sorbitol was first removed, and then both KCl and sorbitol were removed.
Experiments were carried out in the presence of 10 mM CaCl 2 (Fig. 8) . A specimen had been kept in APW supplemented with 10 mM CaCl 2 for 30 min. When both 10 mM KCl and 10 mM CaCl 2 were added to the external medium of the node (pool B), a slow and small depolarization occurred. When an osmotic shock was applied by replacing the external medium with APW supplemented with 10 mM KCl, 10 mM CaCl 2 and 200 mM sorbitol, a large depolarization was induced. In this case, however, the membrane soon repolarized. The same results were obtained for five specimens examined.
The effect of K + channel inhibitors was analyzed (data not shown). After 30 min pre-incubation in APW supplemented with 10 mM tetraethylammonium (TEA), the external medium of the node was exchange with APW supplemented with 10 mM KCl and 10 mM TEA. Upon exchange of the medium, only a small depolarization was induced. When the external medium was again exchanged with APW supplemented with 10 mM TEA, 10 mM KCl and 200 mM sorbitol, a large depolarization was induced. In five specimens, E m soon repolarized. In two specimens, however, E m stayed at the depolarized level for 410 min. In the presence of 1 mM BaCl 2 , addition of 10 mM KCl and 200 mM sorbitol induced a large depolarization but E m soon repolarized in all specimens examined (n ¼ 5).
Effect of ion channel inhibitors on depolarization induced by osmotic shock
Experiments were carried out using the chamber shown in Fig. 7a . At first, the external medium was APW lacking sorbitol. Inhibitors were added to both pools and left for about 30 min. A transient depolarization was induced by adding 200 mM sorbiol to pool B (Shimmen 2003) . First, the effect of three anion channel inhibitors was examined: 20 mM 5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB), 20 mM anthracene-9-carboxylic acid (A-9-C) and 20 mM phenylclyoxal (Fig. 9) . A-9-C slightly inhibited the response. The other inhibitors were almost ineffective. An inhibitor of the Ca 2+ channel, nifedipine, did not show a significant effect. Ga 3+ (20 mM), an inhibitor of the mechanosensitive channel, slightly inhibited the response.
Discussion
Upon addition of 100 mM KCl, the node first showed a small depolarization, and the E m transiently stayed at the level before induction of a large depolarization in some cells (Fig. 3) . The E m level before the large depolarization was close to the flank E m in 100 mM KCl (Fig. 2a) , indicating that the K + dependence of the node E m was almost the same as that of the flank E m , although a large depolarization of the node was induced by 100 mM KCl. In addition, the pH dependence of the node E m was almost the same as that of the flank E m (Fig. 1b) . Thus, the contributions of the Experiments were carried out using the chamber shown in Fig. 7a . The external medium was first APW lacking sorbitol. After a stable electrical potential was attained, inhibitors were added to both pools. Due to the osmotic shock (addition of 200 mM sorbitol to pool B), a transient depolarization was induced. Control (n ¼ 8); NPPB, 5-nitro-2-(3-phenylpropylamino)-benzoic acid (n ¼ 6); A-9-C, anthracene-9-carboxylic acid (n ¼ 6); phenylglyoxal (n ¼ 7); nifedipine (n ¼ 5); GdCl 3 (n ¼ 6).
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electrogenic pump and the diffusion potential to the electrogenesis at the node are almost the same as those at the flank. The flank E m stayed at the polarized level in APW supplemented with 100 mM KCl for 41 h, if 1 mM CaCl 2 was present. Thus, Ca 2+ has a tendency to keep the flank membrane in the polarized state (Shimmen 2001b ). However, the node membrane shifted to the depolarized state upon addition of 100 mM KCl even in the presence of 10 mM CaCl 2 (Fig. 2b) . Thus, Ca 2+ could not exert the effect of keeping the node membrane in the polarized state if 100 mM KCl was present.
The node is sensitive to decreases in the turgor pressure. When the extracellular osmolarity was increased (osmotic shock), the node E m showed transient depolarization. On the other hand, an increase in the extracellular osmolarity slightly hyperpolarized the membrane of the flank (Shimmen 2003) . Thus, the response of the node to the osmotic shock is opposite to that of the flank. In the present study, the cooperative effect of K + and osmotic shock on the node E m was examined (Fig. 7) . In the presence of 10 mM KCl, the node E m stayed at the polarized level. However, the osmotic shock (addition of sorbitol) promptly brought the E m to the depolarized level, and the E m stayed at that level until KCl was removed. In the presence of 10 mM CaCl 2 , however, the E m soon repolarized (Fig. 8) . It is concluded that Ca 2+ can bring the node membrane to the polarized state if the K + concentration was 10 mM. Beilby (1986) reported that an increase in the external Ca 2+ concentration blocked the K + channel in C. corallina. Thus, Ca 2+ has an effect to keep the node E m at the polarized level. However, the effect is weak and cannot maintain the node membrane at the polarized state in the presence of 100 mM KCl (Fig. 2b) . It must be noted that depolarization induced by 100 mM KCl is different from that induced by the cooperative stimulation of 10 mM KCl and 200 mM sorbitol.
When the node membrane was depolarized with 100 mM KCl, the E m sensitively responded to the change in the KCl concentration (Fig. 5) . The E m at the depolarized state in the presence of 100 mM K + was insensitive to both Ca 2+ and Cl À (Fig. 6) . Thus, the node membrane became permeable to K + after the treatment with 100 mM K + , suggesting activation of the K + channel. Activation of the K + channel seems also to be involved in the depolarization induced by the cooperative effect of K + and pressure, since the presence of K + channel inhibitors, TEA and Ba 2+ (Fan et al. 2001) , brought the node E m to the polarized state in the presence of 10 mM KCl. However, neither TEA nor Ba 2+ could stop the node depolarization induced by 100 mM KCl (data not shown). Oda (1962) reported that the E m became sensitive to the change in the K + concentration after the treatment of C. braunii with a high concentration of K + . It has also been reported in C. corallina that exposure of cells to high K + medium transformed the membrane into the K + -sensitive state (Beilby 1985) . It seemed that both the node and flank were involved in their measurements (Oda 1962, Beilby and Beilby 1983) . It was questioned whether the flank membrane becomes K + sensitive by the treatment with K + of high concentration. After adding 100 mM KCl to the external medium of the flank (pool B in Fig. 1a) , the cell was mechanically stimulated by hitting the cell with a plastic rod. By such severe stimulation under the high K + concentration, the flank membrane depolarizes to a level close to 0 mV and stays there (Shimmen 2001b , Fig. 4) . When the KCl concentration was decreased stepwise, repolarization similar to that of Fig. 5 was induced (data not shown). Thus, the flank membrane also became K + sensitive, once it was forced to depolarize in the presence of 100 mM KCl.
To elucidate the mechanism of transient depolarization induced by the osmotic shock, the effect of channel inhibitors was examined (Fig. 9) . When the flank of internodal cells was mechanically stimulated, receptor potentials are generated (Shimmen 1996) . Shimmen (1997b) indicated activation of the Cl À channel. On the other hand, Kaneko et al. (2005) showed the increase in free Ca 2+ in the cytoplasm upon mechanical stimulation, suggesting activation of the Ca 2+ channel. Thus, the Chara membrane seems to be quipped with mechanosensitive Cl À and Ca 2+ channels. Among the anion channel inhibitors examined, only A-9-C inhibited the response to some extent. Zheng et al. (1998) reported a strong inhibitory effect of phenylglyoxyl on secretion of oxalic acid upon aluminum treatment in buckwheat. However, this drug was ineffective in the present study. Nifedipine did not show significant inhibition. Gd 3+ , an inhibitor of the mechanosensitive channel, slightly inhibited the depolarization. Since the effect of all inhibitors was not very significant, it is difficult to deliver a decisive conclusion. It must be noted that the receptor potential generated upon mechanical stimulation of the flank was not inhibited by various inhibitors at all (Shimmen 1997a) . Further analyses are needed to elucidate the molecular mechanism of the depolarization.
The electrical characteristics of the node seem to favor the generation of a depolarization upon wounding. I have suggested that K + released from the victim cell brings the node membrane of the receptor cell to the depolarized state (Shimmen 2005 , Shimmen 2006 ). However, a delay was sometimes observed when depolarization was induced with 100 mM K + (Fig. 3) . On the other hand, a large depolarization was induced at the node of the receptor cell without delay upon cutting the victim cell (Shimmen 2001a , Shimmen 2002 . When the victim cell is cut, the receptor cell should suffer two stimuli at once: K + released from the victim cell and the sudden disappearance of the turgor pressure of the victim cell. Upon concomitant addition of both 10 mM KCl and 200 mM sorbitol to the node, a large depolarization was induced without appreciable delay (Fig. 7) , as in the wounding response (Shimmen 2001a , Shimmen 2002 . The low effect of Ca 2+ in keeping the node membrane in the polarized state (Fig. 2b) is also responsible for induction of depolarization upon wounding. Thus, both ion sensitivity and pressure sensitivity seem to be intimately involved in generation of the wound-induced depolarization of the node. One layer of nodal cells is intercalated between internodal cells, and these cells are connected by plasmodesmata (Spanswick and Costerton 1967 , Francesschi et al. 1994 , Ogata 2000 . Therefore, a possibility is suggested that the responses to ions reflects characteristics of the nodal cell, but not the end of the internodal cell. The electrical resistance between internodal cells is low, probably due to the presence of plasmodesmata. Upon application of a pressure gradient, the electrical resistance across the node decreased (Reid and Overall 1992) . The electrical chracteristics of the node may reflect such morphological differentiation, although plasmodesmata should close upon preparation of single internode specimens. The node sandwiched between internodes is surrounded by small nodal cells. The response of the node sandwiched between internodes to KCl (Fig. 4b) was the same as that of the node of the isolated internode (Fig. 2a) . It is suggested that the surrounding nodal cells did not disturb the access of KCl to the nodal end. However, surrounding nodal cells may exert an insignificant effect on the E m measurement of the node sandwiched between internodal cells. Sibaoka and Tabata (1981) reported that nodal cells are not excitable. On the other hand, a large and longlasting depolarization is induced at the node upon wounding (Shimmen 2001a , Shimmen 2002 ). This depolarization is not transmitted to the flank region. However, the longlasting depolarization of the node induced by wounding triggered action potentials at the flank due to activation of the voltage-dependent channels. The action potentials are transmitted along the internodal cell (Shimmen 2002) , further to the next internodal cell (Sibaoka and Tabata 1981) . Thus, the Chara membrane is spatially differentiated: perception of wounding via long-lasting depolarization at the node and transmission of the signal via action potential at the flank. It is expected that Characeae cells contribute to elucidation of the mechanism of the electrical responses upon wounding in plants.
Materials and Methods
Chara corallina was cultured in an air-conditioned room (23-258C) as described previously . Single internodal cells were prepared by removing neighboring internodal and branchlet cells with scissors. Specimens composed of two tandem internodal cells were also prepared. They were kept in the medium containing 0.1 mM KCl, 0.1 mM NaCl and 0.1 mM CaCl 2 (pH about 5.6) for at least 2 d before use.
Chambers used for electrical measurement were described in the Results. In the experiments of Figs. 1-6 , the K + anesthesia method was employed (Shimmen et al. 1976 ). This method is based on the fact that the plasma membrane potential becomes close to 0 mV in the presence of 100 mM KCl. In Fig. 1a , pool A was filled with 100 mM KCl, and pools B and C with APW supplemented with 180 mM sorbitol, and the potential difference between either pool B or C and pool A was measured. The electrical potential of pool A is close to the intracellular potential, since the potential difference across the plasma membrane is almost 0 mV. Therefore, the potential difference measured between either pool B or C against pool A represents the respective membrane potential. In  Fig. 1a , the cell part in pool A was composed of both the node and flank. The flank E m sometimes stayed at the polarized level for long periods in the presence of 100 mM KCl even when the Ca 2+ concentration was low (Shimmen 2001b, Fig. 2) . If the cell part contained the node, spontaneous depolarization occurred earlier.
At the beginning of the measurement, however, the potential difference between either pools B or C and pool A was sometimes small, i.e. 5100 mV. In such cases, I mechanically stimulated the cell part in pool A by hitting the cell with a plastic rod. By such severe stimulation, the membrane in pool A quickly depolarized and stayed at the depolarized level (almost 0 mV) (Shimmen 2001b , Fig. 4 ), resulting in a large potential difference between pools. The membrane potential of the node or flank thus measured in the present study as the potential difference between pool B or C and pool A, more negative than À200 mV, was close to the value measured by the microelectrode method (Shimmen 2003 ,  Fig. 4 ). The value is stably maintained for 43 h (maybe more, although this was not examined). The electrical potential was amplified with an amplifier (Microelectrode Amplifier MEZ7101, Nihon Kohden, Tokyo, Japan) and recorded using a pen-writing recorder (VP-6358A, National Panasonic, Tokyo, Japan).
Stock solutions (50 mM) of A-9-C (NACALAI TESQUE Inc., Japan), NPPB (Cornerstone Ct E., USA) and nifedipine (Sigma Chemical Co., St Louis, MO, USA) were prepared in dimethylsufoxide (DMSO). DMSO per se did not affect the electrical response of cells at the concentration used (0.04%). TEA (Sigma Chemical Co.), phenylglyoxal (Katayama Chemical, Japan) and GdCl 3 (NACALAI TESOUE Inc.) were directly dissolved in APW.
Experiments were carried out at room temperature (24-288C) under dim light (about 90 lux).
